Mudflows, floods and lahars from rapid snow and ice melting present potentially devastating hazards to populations surrounding glacial stratovolcanoes. Most ice-melt induced lahars have resulted from eruptive processes. However, there is evidence for non-eruptive hydrothermal volcanic unrest generating rapid and hazardous glacial melt. Here, we use TOUGH2 numerical fluid flow simulations to explore ice melt potential associated with hydrothermal perturbation. Our simulations are loosely based on Cotopaxi Volcano, Ecuadorian Andes. We show that dynamic permeability has a strong control on ice melt response to perturbation. In the absence of concurrent permeability increases, the delay time between onset of a deep hydrothermal perturbation and a response in surface heat flow is on the order of many 10s of years. When increased hot fluid influx at depth is combined with permeability enhancement, the surface heat flow response can be immediate. However, our results suggest that melt rates resulting from such hydrothermal perturbation are still orders of magnitude lower than those induced by eruptive processes; potentially hazardous melt volumes take many months to accumulate, compared to minutes for eruption induced melting. Additional mechanisms, such as glacier destabilisation, meltwater impounding and hydrothermal outburst, may be required to generate the volumes of water associated with catastrophic eruption initiated ice-melt lahars.
hazardous glacial melt. The processes that promote and control non-eruptive hydrothermal ice 7 melting are largely unknown. Consequently, the hazard presented by non-eruptive melting at 8 glaciated stratovolcanoes is also poorly understood.
9
There are a number of examples of glacial melt at ice-clad stratovolcanoes generating voluminous 10 and catastrophic lahars. At Nevado del Ruiz, Colombia, 1985, lahars generated by a relatively 11 small eruption (VEI= 3) produced one of the most devastating volcanic disasters in history with 12 over 23,000 fatalities (Pierson et al., 1990) . A combination of mechanical and thermal interaction 13 between eruptive products and snow and ice generated >1 × 10 7 m 3 of melt and produced a total Major and Newhall, 1989), and even Mars (e.g. Craft and Lowell, 2012) . Melting through such 26 non-eruptive processes has the potential to occur without notable precursory activity. Therefore, a 27 developing hazard associated with such melting may not be recognised in volcanic monitoring data.
28
Here, we use TOUGH2 (specifically, iTOUGH2, V6.6) fluid flow simulations to assess the potential 29 for the generation of significant rates and volumes of ice melt from non-eruptive hydrothermal 30 perturbations at glaciated stratovolcanoes. We explore the controls on the spatial and temporal 31 response of surface heat flux to changes within an idealised, active hydrothermal system. 
where k is permeability in m 2 , at depth d in m; k 0 is the surface permeability (5 × 10 −13 m 2 ); k 800
45
is the permeability at d = 800 m according to the upper equation in Equation 1, and λ = 0.004.
46
As our main focus is on the behaviour of the convective regime, we place the base on the model at z = 3000 m (Figure 1 ). At this depth the permeability over the majority of the model base is 48 less than 10 −16 m 2 , which is often considered to be the lower limit for effective heat advection (e.g.
49
Norton and Knight, 1977; Ingebritsen and Hayba, 1994) . Focussing on the upper 3 km of the edifice x 2 = 10000 m, according to the relationship:
where, a = q H1 − q H2 ln (x 1 /x 2 ) and b = e q H2 ln (x 1 )−q H1 ln (x 2 ) q H1 −q H2
The total heat generation in the base of the model domain is ∼53 MW. This is within the heat 
(2003) injected 550
• C fluid at a much lower rate of 0.09 kg s −1 and at a greater depth (∼5 km).
85
The glacier covers the region at the top surface boundary for 250 < x < 2500 m (Figure 1 ). The 86 glacier is considered warm-based and therefore sufficiently connected with the atmosphere to justify 87 defining the ground surface boundary as gas-filled and at atmospheric pressure. Flow is permitted
88
through this boundary and the atmospheric pressure, in Pa, is fixed as a function of elevation:
where z is elevation in metres. to 500 mm yr −1 at a temperature defined by Equation 4 but constrained within the 2 • C lower limit.
104
The 2-D axisymmetric domain is divided into a rectilinear mesh of columns and rows ( Figure   105 1). Row thicknesses vary between 2 and 50 m. In order to optimise the resolution at the surface, 
119
The Initial model produces a two-phase plume. However, the upward propagation of hot fluid 120 is completely suppressed by the cool topographic recharge and surface heat flux is low (Figure 2 ).
121
Preliminary simulations that perturb this system for 1000 years failed to alter the surface heat flux 
Crater heat flow

134
We simulate two major model scenarios that are variations of the Initial model, described above.
135
The first is the addition of a region of high vertical permeability (k z ) beneath the crater, referred 
140
In the HPC models, we explore two different permeability modifications, relative to the Initial 141 model (Figure 3 ). In HPC1, the vertical permeability (k z ) is increased by one order of magnitude For the FF simulation the isotropic permeability is increased by a factor of 10, compared to
147
Initial model. In these linear 2-D models the distal boundary is open to flow and water saturated.
148
The pressure of these distal boundary cells is fixed to hydrostatic and the temperature follows a (Table 1) .
157 Table 1 : Basal boundary conditions in simulations. Injection is at an enthalpy equivalent to 360 • C.
Simulation Injection rate Injection region q H1 (Equation 2) kg s
The simulations are allowed to run to numerical steady-state which is defined as 10 consecutive hydrothermal fluids into the shallower edifice, similar to a model presented by Fournier (1999) .
174
In HPC-C and HPC-D we incorporate a shallow injection source along the axial boundary at permeability conduit (x < 250 m). We run the perturbed simulations for 1000 years. We assess 181 the changes in surface heat flux and from this infer the changes in basal melt rate of the glacier.
182
Clearly, a hydrothermal system within an active volcano will be modified by eruption or ongoing Table 3 ). At the end of the HPC1 and HPC2 simulations, assumed
198
to be steady-state, the total heat output through the crater (Q crat ) is 2.6 × 10 6 and 1.4 × 10 6 W,
199
respectively, compared to 5.8 × 10 2 W for the Initial model (Table 3 ). The modification of the 200 permeability distribution, compared to the Initial simulations, only has a minor effect on the heat 201 flow to the base of the glacier (250 < x < 2500 m, Q glac , Table 3 ).
202
The 2-D linear steady-state model, FF also generates heat flow into the crater (Figure 6 ). The and 'c' in the final column).
Simulation Injection rate Injection q H1 (Eq. 2) Total heat 
Perturbation scenarios 209
All of the perturbation scenarios presented in Table 2 result in an increase in surface heat flux 
238
Although the results for HPC1 and HPC2 perturbation simulations are similar (compare Figure   239 A.1 and Figure A. 2), the delay for surface heat flux response is greater for HPC2 models (Table   240 4). These have higher horizontal permeability in the upper part of the modelled edifice (see Figure   241 3). Despite the greater delay time for surface heat flux response in the HPC2 simulations, where (Table 4 ). For FF-C the injection rate is double that of FF-B, but the injection 259 area is half (see Table 2 ). The surface heat flux results for these two scenarios are very similar The stability of the perched saturated zone is a function of complex feedbacks between the 281 intrinsic permeability, relative permeability with respect to different phases, and the pressure and to perturbation, is presented in Figure 6a .
In FF-D the increase in pressure associated with the increased injection rate (see Table 2 that near the critical point, heat transfer enhancements greater than a factor of 100 may occur.
329
However, they highlight that such superconvection also requires high permeabilities, on the order 330 of 10 −13 m 2 . In high strain rate environments, permeable pathways may be maintained to depth,
331
against competing factors such as silica deposition (Ingebritsen and Hayba, 1994 Bodvarsson, 1990); so superconvection may play a role in the environments explored in this study. in surface heat flow is greater than for the equivalent HPC1 scenarios.
360
The delay between the initiation of perturbation and an increase in surface heat flux is significant.
361
There is a lag of 50 years for most of the perturbation scenarios. Long lag-times mean that enhanced 362 glacial melt from these perturbation scenarios is unlikely to present an immediate additional hazard in heat flow to the glacier; heat flow to the glacier triples within 6 months, and there is a ten-fold 368 heat flow increase within 18 months.
369
The HPC perturbation scenarios with a permeability enhancement (HPC-D simulations) show 370 a slower increase in heat flow to the glacier than FF-E . For these simulations, permeability increase 371 is confined to the region beneath the crater (x < 250 m) and not the subsurface below the glacier.
372
The location of the glacier on the flank of the volcano means that it is isolated from surface heat 
Melt volumes and hazards
405
Comparison between modelled glacial melt rates and observed melt rates of mountain glaciers is ). This melt rate is small compared to the probable total background ice loss from the 416 entire glacier. However, the ice loss is derived from a relatively small area of the glacier (2250 m 2 ).
417
The total melt rate by volume is clearly a function of the contact area between with the glacier and 
424
The localised melting produced by the FF model geometry would likely focus melt water into rel-
425
atively few drainage channels, potentially overwhelming the carrying capacity of the glacial streams.
426
Such localised melting may also destabilise portions of the glacier and produce glacial mass fail- 
469
A number of our simulations produce a saturated region, suspended above a rising two-phase 470 plume (e.g. Figure 6a ). The appearance and position of such a saturated zone, and its dissipa-471 tion, are sensitive to changes in the hydrothermal system. Our models simulate very large >300 m 472 changes in water-table elevation in response to hydrothermal perturbation scenarios (e.g. Figure   473 10). The combination of edifice geometry, permeability, recharge rate, and hydrothermal condi-tions in our simulations ensure that the elevation of the water- these permeable pathways exerts a strong control on the spatial distribution of surface heat flux.
506
In order to address the potential for hazardous ice melt from non-eruptive volcanic unrest,
507
we explore a number of hydrothermal perturbation scenarios and assess the temporal and spatial 
527
We discuss some potential mechanisms that could combine with non-eruptive hydrothermally 528 induced melting to generate volumes of water on the order required to produce potentially haz- 
